The ability of 114 younger and older adults to recognize naturally-shaped objects was evaluated in three experiments. The participants viewed or haptically explored six randomly-chosen bell peppers (Capsicum annuum) in a study session and were later required to judge whether each of twelve bell peppers was ''old" (previously presented during the study session) or ''new" (not presented during the study session). When recognition memory was tested immediately after study, the younger adults' (Experiment 1) performance for vision and haptics was identical when the individual study objects were presented once. Vision became superior to haptics, however, when the individual study objects were presented multiple times. When 10-and 20-min delays (Experiment 2) were inserted in between study and test sessions, no significant differences occurred between vision and haptics: recognition performance in both modalities was comparable. When the recognition performance of older adults was evaluated (Experiment 3), a negative effect of age was found for visual shape recognition (younger adults' overall recognition performance was 60% higher). There was no age effect, however, for haptic shape recognition. The results of the present experiments indicate that the visual recognition of natural object shape is different from haptic recognition in multiple ways: visual shape recognition can be superior to that of haptics and is affected by aging, while haptic shape recognition is less accurate and unaffected by aging.
Introduction
Few studies have compared the visual and haptic recognition of objects with natural shapes. In one previous experiment (Experiment 1 of Norman, Norman, Clayton, Lianekhammy, & Zielke, 2004) , participants could reliably (with 70-72% accuracy) identify objects visually that had the same shapes as those examined haptically. A sizeable number of studies, in comparison (e.g., Craddock & Lawson, 2009; Newell, Ernst, Tjan, & Bülthoff, 2001; Pensky, Johnson, Haag, & Homa, 2008) , have evaluated the visual and haptic recognition of manmade objects (e.g., configurations of legos; collections of objects, such as alarm clocks, batteries, cars, spoons, hair brushes, hammers, scissors, tweezers, etc). These studies found either that visual and haptic object recognition performance was similar (Craddock & Lawson, 2009; Newell et al., 2001) or that visual object recognition was superior (Pensky et al., 2008) . These investigations are obviously important, because of the frequency with which we perceive and interact with manmade objects. Nevertheless, manmade objects commonly lack essential component (s) of solid shape that many natural objects possess. Natural objects (e.g., consider the replicas of bell peppers presented in Fig. 1 ) are often intrinsically curved and possess two generic types of curved surface regions, which can be described as elliptic and hyperbolic (Hilbert & Cohn-Vossen, 1983; Koenderink, 1990; Koenderink & van Doorn, 1982) . Elliptic surface regions are curved like the outside or inside of an egg or sphere, while hyperbolic surface regions are curved like a horse's saddle. One can think of hyperbolic regions as serving as a kind of ''glue" that binds elliptic regions together into a coherent and unitary object (e.g., see Koenderink, 1990, p. 601 ; also see Fig. 4 of Lappin, Norman, & Phillips, 2011) . The shapes of manmade objects are frequently very different: manmade objects often consist of either flat or cylindrical surface regions (e.g., bricks, water bottles, staplers, flashlights, coffee mugs, flower pots, etc). Cylindrical surfaces, while possessing extrinsic curvature (curved with respect to an outside coordinate system), are not intrinsically curved. To demonstrate this, imagine cutting a paper or cardboard cylinder along its noncurved dimension: it would then be quite easy to ''roll out" the cylinder to form a flat, noncurved plane. A cylindrical surface, therefore, lacks intrinsic curvature and is very different from truly curved surfaces, such as elliptic and hyperbolic regions (one cannot take elliptic or hyperbolic surfaces and flatten them without either tearing the surface or wrinkling it up, see Koenderink, 1990, pp. 264-265) .
While previous studies have investigated the visual and haptic recognition of manmade objects, there is little to no existing literature regarding the recognition of naturally-shaped objects that possess elliptic and hyperbolic surface regions. One goal of the current investigation was to fill this void. Ballesteros and Reales (2004) evaluated haptic (but not visual) object recognition and aging. They used familiar objects, mostly manmade, such as books, coins, drinking glasses, a tobacco pipe, etc. Ballesteros and Reales found no significant difference in recognition performance between younger adults (mean age was 29.3 years) and healthy older adults (mean age was 74.7 years). Participants in both age groups performed at essentially perfect levels of recognition accuracy (mean number of hits-false alarms was 9.58 and 8.5 out of a maximum of 10 for younger and older participants, respectively).
Given the current state of the literature, a number of unresolved questions remain. Do the previously obtained results comparing visual and haptic recognition for manmade objects generalize to the recognition of naturally-shaped objects? Do the results obtained for younger adults for both vision and haptics generalize to older adults, or do significant age differences exist? The purpose of the current set of experiments was to answer these questions. Experiments 1 and 2 were conducted to evaluate the capabilities of younger adults, while the purpose of Experiment 3 was to investigate the potential effects of aging.
Experiment 1
2.1. Method 2.1.1. Apparatus
The order of the experimental stimuli for each participant (for both object study and test sessions) were determined by an Apple PowerMacintosh G4 computer. The participants' judgments were entered into the computer for later analysis.
Experimental stimuli
Liquid rubber was used to make molds of 12 natural bell peppers (Capsicum annuum). The bell peppers had similar sizes (e.g., mean top-to-bottom size was 12.5 cm, sd = 0.6), but different shapes. Solid (positive) copies of the bell peppers were created Fig. 1 . Photographs of the 12 naturally-shaped objects (replicas of bell peppers, Capsicum annuum) used as stimuli in Experiments 1-3. Object 13 is located at the top left. The objects progress numerically in order from top-left to bottom-right; object 24, therefore, is located at the bottom right.
by pouring liquid plastic (Smoothcast 322, Smooth-On, Inc.) into the (negative) molds. The replicas of the bell peppers used in the current study are shown in Fig. 1 . These particular bell peppers (objects 13-24) are similar to, but different in shape, from those used in our previous investigations (objects 1-12, see Norman & Bartholomew, 2011; Norman, Phillips, et al., 2012 ). An important characteristic of our stimulus objects is that they vary primarily in shape -they all have the same color (so they are visually similar) and the same material properties (e.g., hardness and texture), so that their surfaces feel similar during haptic exploration. When viewed by the participants, the objects were optically defined by (1) binocular disparity, (2) motion (i.e., the kinetic depth effect), (3) Lambertian shading, (4) dynamic shading, (5) disparate shading, (6) specular highlights, (7) dynamic specular highlights, (8) disparate specular highlights, (9) occlusion boundary contours, (10) deforming boundary contours, and (11) disparate boundary contours. All of these are effective and important sources of optical information about solid shape (e.g., Braunstein, 1966; Fleming, Torralba, & Adelson, 2004; Julesz, 1964; Koenderink, 1984; Koenderink, Kappers, Todd, Norman, & Phillips, 1996; Lappin et al., 2011; Norman, Bartholomew, & Burton, 2008; Norman & Lappin, 1992; Norman & Raines, 2002; Norman, Todd, & Phillips, 1995; Norman & Wiesemann, 2007; Todd & Reichel, 1989; Wallach & O'Connell, 1953) . Similarly, the haptic information provided to our participants was full-cue; our participants were free to pick up and actively manipulate the stimulus objects however they wished (with both hands) for 15 s each (in previous investigations, such as Norman, Crabtree, Norman, et al., 2006 , participants could accurately perceive and discriminate solid shape with haptic exploration times of only 3 s).
Procedure
Each participant was presented with 6 randomly chosen bell peppers during a study session. The participants either viewed or haptically explored the set of 6 bell peppers once, four times, or seven times (the set of 6 objects was presented in a random order each time). The visually presented objects were placed onto a turntable and rotated about a vertical axis at 30 rpm so that participants could see all sides of the bell peppers (the viewing distance was 50 cm). The participants viewed or haptically explored each study object for 15 s; whenever a study object was presented, it was shown or handed to a participant in a completely random orientation. Once the study session was completed, the participants' recognition ability was tested immediately (i.e., no delay between study and test). During the test session, all 12 bell peppers (both ''old" and ''new") were presented in a random order (and in a random orientation); the participants' task was to indicate for each object whether it was ''old" (one of the original 6 objects presented during the study session) or ''new" (was not presented during the study session).
Participants
There were a total of 42 participants (mean age was 22.3 years, sd = 3.4, range was 19-40 years). There were 7 participants for each of the 6 experimental conditions (2 modalities Â 3 repetitions of the study objects). The participants' visual acuity was good (mean acuity = À0.086 logMAR, log minimum angle of resolution). All participants gave written consent prior to participation in the experiment. The experiment was approved by the Western Kentucky University Institutional Review Board. Our research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Results and discussion
The results are shown in Fig. 2 ; the participants' shape recognition accuracies are plotted as functions of modality and the number of presentations of the objects during the study session. The participants' recognition performance is expressed (see Ballesteros & Reales, 2004) as the number of hits (''old" objects correctly judged to be old) minus the number of false alarms (''new" objects incorrectly judged to be old). Given that half of our 12 stimuli were originally presented during the initial study session, maximum recognition performance for any individual participant would be six (6 hits-0 false alarms). It is readily apparent from an inspection of Fig. 2 that when the study objects were presented only once, there was no difference in the participants' visual and haptic object recognition performance. A large superiority for vision emerged, however, when the study objects were presented more than once. A 2-way between subjects ANOVA (analysis of variance) conducted upon the results shown in Fig. 2 revealed that there was a significant main effect of modality (F(1, 36) = 25.0, p < .00002; g 2 p = 0.41). There was also a significant effect of study object repetitions (F(2, 36) = 7.1, p < .005; g 2 p = 0.28) as well as a significant modality Â repetition interaction (F(2, 36) = 7.3, p < .005; g 2 p = 0.29). The interaction occurred, because while multiple repetitions improved performance for vision they did not lead to improvements for haptics.
Experiment 2
When recognition memory was tested immediately in the first experiment, a sizeable advantage for vision occurred when the study objects were presented multiple times. In particular, when the study objects were presented 4 and 7 times, the average visual recognition accuracies were 4.6 and 5.0 (relative to a maximum of 6), respectively. To what extent would this high level of performance deteriorate when delays occur between study and test sessions? The participants' haptic performance in Experiment 1, while relatively low, was still much higher than chance (2.1); would haptic shape recognition be possible following a significant delay? The purpose of Experiment 2 was to evaluate the potential effect of a delay on solid shape recognition.
Method

Apparatus and experimental stimuli
The apparatus and experimental stimuli were identical to those used in Experiment 1.
Procedure
The basic procedure used in Experiment 2 was similar to that used in Experiment 1. The primary difference was that 10-and 20-min delays were inserted in between the object study and test sessions. In the study session, the objects (bell peppers 13-24, see Fig. 1 ) were presented four times each. During the delay (while waiting to test the participants' shape recognition memory), the participants performed a same/different shape discrimination task using a different set of 12 bell peppers (bell peppers 1-12; see Norman & Bartholomew, 2011; Norman, Phillips, et al., 2012) . We asked our participants to perform a shape discrimination task during the delay (as opposed to asking them to perform a non-shape related task, such as word recognition) in order to prevent the possibility of haptically or visually rehearsing the originally studied objects. Throughout the delay, participants were presented with two randomly-chosen bell peppers on any given trial for 3 s each, separated by a 3-s ISI (interstimulus interval). For those participants who studied objects haptically in the recognition task, they also used haptics to perform the same/different shape discrimination task. Similarly, the participants who visually studied objects during the shape recognition task also used vision for shape discrimination. On average, the participants made 32 and 66 same/different shape discrimination judgments during the 10-and 20-min delays, respectively (each individual participant made as many same/different judgments as was required to completely fill a 10-or 20-min delay, after which their shape recognition memory for the originally studied objects was tested).
Participants
There were a total of 36 participants (mean age was 22.9 years, sd = 4.3, range was 19-42 years). More than three-quarters (28/36, or 78%) of these participants had never previously participated in an experiment using these stimulus objects; the remaining eight had participated in Experiment 1, but more than 6 months had passed since their prior participation. There were 9 participants for each of the 4 experimental conditions (2 modalities Â 2 delays). The participants' visual acuity was good (mean acuity = À0.097 logMAR). All participants gave written consent prior to participation in the experiment. The experiment was approved by the Western Kentucky University Institutional Review Board. Our research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Results and discussion
The results for the 10-and 20-min delay conditions for visual and haptic shape recognition are plotted in Fig. 3 . It is clearly evident from a comparison of Figs. 2 and 3 that the large difference previously obtained between vision and haptics in Experiment 1 (when the study objects were presented 4 times) largely disappeared in the current experiment. A 2 Â 2 between-subjects ANOVA conducted upon the results shown in Fig. 3 indicated that there was neither an effect of modality (F(1, 32) = 1.5, p = .23) nor delay (F(1, 32) = 0.1, p = .74). There was no significant difference between visual and haptic shape recognition, although performance was slightly higher numerically for vision (note that the error bars for vision and haptics overlap to a large degree). All of the participants (in all conditions) performed well for the same/different shape discrimination task that occurred during the 10-or 20-min delay. The same/different shape discrimination accuracies, in terms of d 0 (see Macmillan & Creelman, 1991) , were 2.77, 3.04, 2.62, and 2.88 for the vision 10-min, vision 20-min, haptics 10-min, and haptics 20-min conditions, respectively. There were no significant differences between the same/different shape discrimination performances across these conditions (modality: F(1, 32) = 0.7, p = .4; duration: F(1, 32) = 2.1, p = .16).
Experiment 3
Experiments 1 and 2 evaluated the performance of 78 younger adults. The results of these experiments demonstrated that while visual and haptic shape recognition performance was similar when delays occurred between the object study and test sessions (see Fig. 3 ), a superiority for visual over haptic shape recognition occurred in most conditions when recognition ability was tested immediately (see Fig. 2 ). The purpose of Experiment 3 was to similarly evaluate the ability of older adults to recognize solid object shape both immediately and following a 20-min delay.
Method
Apparatus and experimental stimuli
The apparatus and experimental stimuli were identical to those used in Experiments 1 and 2.
Procedure
The procedures were identical to those used in the analogous conditions of Experiments 1 and 2. Following object study (4 repetitions of 6 objects chosen from bell peppers 13-24), the older participants' shape recognition ability was tested both immediately and after a 20-min delay (this was a between-subjects manipulation). For those participants who had to wait 20 min before their recognition ability was evaluated, they performed the same shape discrimination task (judge whether pairs of objects, chosen from bell peppers 1-12, possessed the same or different shape) during the delay that was used in Experiment 2. 
Participants
There were a total of 36 older participants (mean age was 71.1 years, sd = 4.7, range was 61-80 years). There were 9 participants for each of the 4 experimental conditions (2 modalities Â 2 delays). The older participants' visual acuity was good (mean acuity = À0.01 logMAR). All participants gave written consent prior to participation in the experiment. The experiment was approved by the Western Kentucky University Institutional Review Board. Our research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Results and discussion
The older participants' visual shape recognition performance is plotted in the left panel of Fig. 4 , while their haptic shape recognition performance is plotted in the right panel; the analogous visual and haptic performances of the younger participants are plotted for comparison. It is clear from an inspection of the figure that there were significant effects of age (F(1, 30) = 8.2, p < .01, g 2 p = 0.21) and delay (F(1, 30) = 9.5, p < .005, g 2 p = 0.24) for visual shape recognition. For the no delay condition, the younger adults' performance was 78.8% higher than that of the older adults. This age difference was somewhat reduced, but still substantial for the 20-min delay condition (where the younger adults' performance was 46.6% higher). The effect of the delay upon visual shape recognition was also large: on average, recognition performance dropped by 40.2% following a 20-min delay. It is obvious from an inspection of the right panel of Fig. 4 that there was neither an effect of age (F (1, 30) = 0.17, p = .68) nor delay (F(1, 30) = 0.001, p = .98) for haptic shape recognition. The older participants (in the 20-min delay condition) performed well during the same/different shape discrimination task (average d 0 was 2.72 and 2.57 for vision and haptics, respectively); there was no effect of modality (t(16) = 0.6, p = .54, 2-tailed). The overall level of performance exhibited by the older participants was slightly reduced relative to that obtained for the younger participants in the 20-min delay condition of Experiment 2 (average d 0 = 2.96), but this difference was not statistically significant (F(1, 32) = 3.7, p > .06).
General discussion
The current set of experiments evaluated visual and haptic object recognition for naturally-shaped objects (replicas of bell peppers). Previous research (e.g., Ballesteros & Reales, 2004; Craddock & Lawson, 2009; Klatzky, Lederman, & Metzger, 1985) using familiar manmade objects (e.g., hammer, comb, spoon, stapler, whisk, key, etc.) has demonstrated that the visual and haptic identification of such objects is easy, with error rates of 2-4%. Given that the haptic recognition of manmade objects is typically as good as visual recognition, it is interesting that in our experiments, haptic performance was frequently inferior to visual performance. As the number of repetitions of the study objects increased (Fig. 2) , the visual recognition performance of our participants improved markedly (more than doubled) while haptic performance was unaffected. Although haptics can produce effective shape recognition for manmade objects, this modality is apparently less capable of learning and remembering complex unfamiliar objects than vision. At this point, it is important to keep in mind that this haptic-related deficit for shape recognition is not caused by any deterioration in haptic shape perception per se. In the current investigation, for example, there was no difference between haptic and visual shape discrimination performance for either younger (Experiment 2) or older (Experiment 3) adults (in addition, see Norman, Crabtree, Norman et al., 2006; Norman, Phillips, et al., 2012) .
Given that the superiority for vision over haptics was very large in Experiment 1 (when our study objects were presented multiple times), it is interesting that this enhanced performance for vision largely disappeared in Experiment 2 when 10-and 20-min delays were introduced in between the study and test sessions. This pattern of results is quite different from that obtained by Pensky et al. (2008) , who assessed the visual and haptic recognition of manmade objects. In their Experiment 1, familiar objects (toy gorilla, frisbee, hair brush, etc.) were studied visually and haptically; their participants' object recognition ability was then tested both immediately and following a week's delay. Like us, Pensky et al. found a large superiority for visual shape recognition (over haptic) when recognition memory was tested immediately. In contrast to our results, however, the superiority Pensky et al. obtained for vision remained even when the recognition test was delayed for a week. It seems clear that while effective visual memories for familiar manmade objects can persist over very long periods of time (e.g., a week), that visual memories for unfamiliar, naturally-shaped objects deteriorate to haptic levels within minutes.
In many situations, older adults perform well for tasks requiring the visual discrimination of 3-D object shape. For example, Norman et al. (2013) found that older adults could typically discriminate 3-D surface shapes defined by motion just as well as younger adults when there was no (or little) disruption in temporal correspondence. Similarly, older and younger adults performed comparably when judging 3-D surface shapes defined by binocular disparity, as long as there was little or no inclusion of ''volumetric noise" into the random-dot stereograms (Norman, Holmin, et al., 2012) . Andersen and Ni (2008) investigated aging and 2-D shape recognition (circles, stars, diamonds, squares) from kinetic occlusion. In their Experiment 2 (when the salience of the object shape boundary was reduced), there was no difference in the performances of the younger and older participants. Norman, Norman, et al. (2008) investigated aging and 2-D shape recognition for objects defined by binocular disparity. When the amount of binocular disparity in the stereograms was low (13.7 min arc), the older adults' performance was higher than that exhibited by the younger adults. Given this review, it is clear that older adults in their 60's, 70's, and 80's can often effectively discriminate 3-D surface shape and recognize 2-D objects. These good visual capabilities deteriorate, however, when conditions are difficult and the older visual system is challenged by reductions in temporal correspondence (Norman, Dawson, & Butler, 2000; Norman et al., 2013) , high magnitudes of binocular disparity (Norman, Norman, et al., 2008) , etc. Other visual 3-D shape tasks exist for which older adults' performance is always worse than that of younger adults (e.g., Andersen & Atchley, 1995; Norman, Clayton, Shular, & Thompson, 2004; Norman, Crabtree, Herrmann, et al., 2006) . The results of the current experiments demonstrate that the negative effects of aging often obtained for visual tasks also extend to solid shape recognition. Interestingly, however, there was no adverse effect of age upon haptic shape recognition in the current experiments (right panel of Fig. 4 ). Despite the fact that performance was lower overall for haptics, there was nevertheless no effect of age. This result is consistent with a study by , who found no effect of age upon the haptic ability to estimate 3-D surface shape. The current results indicate that while increases in age produce negative effects upon visual solid shape recognition, they do not have effects upon haptic solid shape recognition.
